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A steady-state flow method is used to examine micromechanisms of brittle failure in 2D elastic cracked
media submitted to uniaxial compressive stress. The steady-state flow experiments were conducted
with an incompressible Newtonian fluid in a Hele Shaw cell. Thin linear rubber inclusions were
inserted in the cell to model preexisting cracks and flow was visualised by a continuous injection of
methylen blue dye. Several experiments with different configurations of inclusions were conducted:
1) one single inclusion inclined at different angles  to the flow direction, 2) left lateral shear of right or
left-stepping en échelon inclusions with various overlapping and 3) several randomly-distributed
inclusions. The flow lines around the inclusions show very strong similarity with the trajectories of
growth of similarly arranged cracks in uniaxially compressed brittle plates. Although the similarity
between Hele shaw flow and elastic deformation is not fully understood yet, the method may be used
to visualise both crack-induced perturbation of the stress field and crack interaction and allows
accurate predictions of the potential crack's trajectories for one or several pre-existing cracks in two

dimensions.
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1 Introduction

The role of initial defects such as inclusions, pores and flaws in the mechanism of macroscopic
failure of elastic-brittle materials has been known for a long time (e.g., Paterson, 1978). Defects may
provide local sources of tensile stress concentration even when the applied stress is compressive
and may thus promote nucleation, growth and interaction of opening cracks. It is generally
accepted that these micromechanisms may control the macroscopic failure of brittle materials

(e.g., Bombolakis, 1964; Horii and Nemat-Nasser, 1985; Hallam and Ashby, 1990). Propagation of
individual cracks in a 2D elastic plate submitted to uniaxial compression and its relation with the
perturbed stress field have been widely investigated from both the theoretical and experimental
point of view (e.g., Hoek and Bienawski, 1965; Horii and Nemat-Nasser, 1982; Ashby and Hallam,
1986; Barquins et al., 1992; Germanovich et al., 1994). However, the rupture of real materials may
involve a large number of cracks (Brace and Bombolakis, 1963; Hoek and Bienawski, 1965; Tappon-
nier and Brace, 1976; Horii and Nemat-Nasser, 1985 Hallam and Ashby, 1990). Complex interac-
tions between cracks may occur (e.g., Kachanov and Montagut, 1986; Pijaudier-Cabot and Berthaud,
1991). Accurate prediction of the stress-strain state and potential crack trajectories may therefore
become difficult, even for few cracks. Hence, the mechanisms by which an ensemble of micro-
fractures produce a macroscopic failure still remain to be elucidated.

Although the mechanics of fluids seems to be completely different from the mechanics of crack
growth, some analogy exists between the equations governing the steady-state flow and the equa-
tions of elasticity (e.g., Batchelor, 1974; Kiintz et al., 1997). In particular, the resemblance between
2D Hele Shaw flow and elastic deformation in elastic plates submitted to uniaxial compression was
already noted by Krylov (1954). This analogy may serve to analyse some basic problems of crack
interaction, although the correspondence still remains to be completely elucidated (Kiintz et al.,
1997).
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Fig. 1. Schematic view of the Hele-Shaw cell.

Preliminary results of a 2D steady-state flow method are presented in this paper in order to

visualise the stress-strain state and potential crack trajectories in 2D elastic media. The steady-state
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3.1

flow experiments were performed in a Hele Shaw cell (Hele Shaw, 1898) (Figure 1). The experimen-
tal set-up is briefly sketched in section 2. The results of several steady-state flow experiments are
presented in section 3 and compared with similar experiments on crack growth in 2D elastic-brittle
plates in uniaxial compression. The nature and limits of the analogy are examined in the discussion.
The technical advantages and main contributions of the steady-state flow method to fracture

mechanics are also summarized.

Experimental set-up

The Hele Shaw cell essentially consists of two parallel and horizontal 60 cm long and 30 cm wide
glass plates. The two plates are 2 mm apart and are sealed along the two long sides (Figure 1).
Injection of water at a low and constant velocity (v ~ 3 cm s along one of the short sides through a
controlled water head induces a small pressure gradient through the cell. A low Reynold’s number
steady-state flow is established, which may be described by Darcy’s law. Thin inclusions are
inserted between the two glass plates to simulate pre-existing defects. Methylen blue dye is con-
tinuously injected into the cell trough a set of capillary tubes to visualise the streamlines of flow
(Figure 1). The streamlines, which are the lines tangent to the local velocity vectors, materialise the

velocity field and thus any inclusion-induced perturbation of the stationnary flow.

Experimental data

Single crack growth

The perturbations of the steady-state velocity field induced by a single obstacle inclined at an angle
B of about 40° to the applied pressure gradient is visualised on Figure 2a. Close to the tips of the
inclusion, two adjacent streamlines steeply diverge and become parallel to the obstacle. These lines
delimit two narrow triangular zones of high pressure and low velocity, which act as indenters into
the flow. Then the streamlines progressively curve and become parallel to the main flow direction
far from the inclusion. The perturbation may affect the flow over more than half the length of the
preexisting crack in the direction of the applied pressure gradient. Note also that the location of the
perturbed zone along the inclusion depends on the orientation P of the crack with the principal flow
direction and migrates toward the tips of the inclusion for decreasing values of the angle B

(Figure 2b). The mode I crack propagation of an inclined preexisting crack in an elastic-brittle plate
submitted to uniaxial compression is represented in Figure 3 for comparison. Two symmetric 6pen-
ing cracks nucleate near the tips of the initial planar defect where the tensile stress is maximum
(Bombolakis, 1964; Horii and Nemat-Nasser, 1982; Ashby and Hallam, 1986; Barquins et al., 1992).
They propagate first at sharp angles from the preexisiting crack to become progressively parallel to
the direction of the compressive far-field uniform applied stress (Figure 3), until they attain a stable
configuration and then cease to grow. It must be pointed out that the similarity between the two
types of experiments is almost complete. The two branch cracks (wings) nucleate on the pre-existing
slot at locations corresponding to the zones of flow divergence and exhibit the same curvature as
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the streamlines. It is worth noting that the potential crack trajectory may be visualised over large

distances from the pre-existing slot.

4

Fig. 2. Steady-state flow around a single inclusion oblique on the far-field applied pressure gradient.

a.) B ~.40° B.) B~.10°

t

Fig. 3. Crack- induced wing flaws in a 2D elastic-brittle plate in uniaxial compression (from Barquins and

Petit, 1992; reprinted with permission).
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3.2 Crack interaction
Pertubations induced by the left shear of left or right-stepping crack arrays with different step-over
were modeled to investigate the effects of crack interaction (Figure 4). For two left-stepping cracks
with a negative step-over (Figure 5a), the interaction is almost completely confined in a narrow
zone between the two pre-existing defects. This zone is delimited by two potential branch cracks,
which may eventually connect the tips of the two neighbouring slots, at least for this initial geo-
metry. For positive step-over (Figure 5b), the two pre-existing defaults interact over a large area and
delimit a large screened zone. It can be seen that the potential cracks curve when they arrive near

the neighbouring pre-existing flaws, thus preventing any connection between the two slots.
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Fig. 4. Schematic view of a letft shear and a) left-stepping, or b) right-stepping en échelon crack array (from
Segall and Pollard, 1980).

Fig. 5. Interaction of a two left-stepping cracks array a.) with a negative step-over, b.) with a large positive
step-over.
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These experiments compare well with the crack growth experiments performed for similar crack
configurations in 2D pmma plates by Hallam and Ashby (1990). It is shown that coalescence may
only occur for left-stepping with a negative step-over (Figure 6a). In this case, the branch cracks
which initiate close to the tips of the pre-existing slots progressively curve until they link the tips of
two neighbouring flaws. It is worth noting that the simultaneous branching of the two wing cracks
produces a small isolated piece of PMMa, which may be the analogue of the zone delimited by the
potential crack trajectories on Figure 5a. For large positive step-over (Figure 6b), the tensile cracks
may propagate close to but do not connect the pre-existing defaults (see also Brace and Bombolakis,
1963; Bombolakis, 1964). These data essentially confirm the predictions made from the flow experi-
ments. Crack coalescence is likely to be associated to left-stepping arrays with a negative step-over.
It is evident from these experiments that the interaction of crack within the array and the mecha-
nism of crack propagation are very sensitive to their spatial distribution. This is best illustrated on
Figure 7 where slight variations of the relative position of two neighbouring pre-existing defects
may or may not favor their coalescence (also compare with Figure 6a). On the contrary, linkage is
not related to right stepping crack arrays, whatever the relative position and step-over of the en

échelon cracks (Figure 8).

640 | MPa
Fig. 6. Crack growth of a left-stepping en échelon crack array in a 2D elastic plate sumitted to uniaial
compression. a.) with a negative step-over, and b.) with a positive step-over (after Hallam and
Ashby, 1990; reprinted with permission).

Fig.7  Four left-stepping cracks arrays. This pictures illustrates the sensitivity of crack’s interaction to the

slight changes of the geometry of en échelon cracks (compare also with figure 4a).
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Fig.

8. Different configurations of right-stepping en échelon cracks arrays.

Anillustration of the potential crack paths in a muli-cracked elastic medium is given on Figure 9.
The pre-existing flaws were more or less randomly distributed in the model to approximate a real
material. It must be pointed out that, even for few defects, large surface of the experiment is affected
by the crack-induced pertubations. Mechanisms of screening, or enhancing effects induce complex
interactions which may involve more than two cracks, as seen in the centre of the experiment. It is
worth noting that for this particular distribution of cracks there is no clear evidence of coalescence

between the pre-existing slots which could indicate the development of a macroscopic fracture.
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Fig. 9. Potential crack trajectories in a multi-cracked 2D elastic plate.

133



134

Summary and conclusion

The experiments presented in the previous section demonstrate that the flow method may be used
to predict the potential crack path of one or several pre-existing cracks in 2D elastic plates submit-
ted to uniaxial compressive loading. They further indicate that the streamlines may be equivalent to
the stress trajectories or isostatics of ;. The flow experiments may then provide not only the poten-
tial crack trajectories but also accurate pictures of the stress-strain state in elastic cracked media that
otherwise may be difficult to investigate. In fact, the method may be applied for any crack shape
and any crack distribution, has the advantage of being cheap and is much more easily implemented
than any other whole field method. The flow method could therefore be an useful and complemen-
tary approach to fracture mechanics.

The resemblance between 2D Hele-Shaw flow and elastic deformation has still to be completely
elucidated. The formal equivalence between the steady-state velocity field of an incompressible
Newtonian fluid and the displacement field in an incompressible solid in equilibrium may not
apply in this case because the displacement field can not be derived from a scalar potential in the
elastic domain (Kiintz et al., 1997). The analogy between Hook's and Darcy's laws was proposed as
an explanation by Kiintz et al. (accepted). However, it was pointed out that for the given assump-
tions, the analogy was only valid for hydrostatic pressure and then incompatible with uniaxial com-
pression. In fact, the equivalence is only rigorously established between the steady-state flow of a
incompressible Newtonian fluid and the rigid translation of an elastic body around fixed inclusions.
Further work is required to determine the exact nature and limit of the analogy. The modeling of
cracks by rigid inclusions may also constitute an other limit to the method. The usual no-slip condi-
tion imposes that the velocity of the fluid is null at the fluid-solid interface. Although the boundary
layer thickness may be negligible, the flow perturbations induced by the inclusion may locally
differ from that induced by a real crack in an elastic solid. However, Nemat-Nasser (1983) reports
that a similar crack nucleation and growth regime results if a rigid inclusion instead of the initial
crack is embedded in an elastic plate, suggesting that the approximation may be neglected at first
glance.

Even without an exact equivalence, the steady-state flow method provides new insights into the
mechanism of crack propagation. The experiments confirm that the mode I branch cracks initiate on
the slot in the zones of tensile stress concentration. The streamlines indicate that the direction of the
maximum tensile stress is parallel to the pre-existing flaw, suggesting the open crack may only
initiate at an angle of 8 = 90° to the pre-existing slot (Barquins et al., 1992) instead of the theoretical
value 6 = 70.6° (Nemat-Nasser and Horii, 1982; Horii and Nemat-Nasser, 1986). The position of the
tensile zone along the slot is a function of the angle B between the crack and the direction of the far
field applied compressive stress. The branch cracks (wings) start to nucleate toward the centre with
increasing B (Barquins et al., 1992). The steady state flow experiments further suggest that the
potential fracture trajectory may be completely determined even at the early stage of loading.

This may explain the previous and apparently paradoxical observations that growth of a new
branch (wing) crack may not perturb significantely the stress distribution around the initial pre-
existing flaw (Brace and Bombolakis, 1963, and Bombolakis, 1964, with reference to the “simulated
branch fractures” experiments; Barquins et al., 1992). Furthermore, by assuming that the streamlines
actually correspond to the o; stress trajectories, the mode I crack path may follow an isostatic of o,



(see also Barquins et al., 1992). The progressive decrease of the angle the growing crack makes with
the direction of compression far from the pre-existing slot is then naturally explained.

The advantage of the method is more pronounced for several cracks, for which analytical solutions
or numerical approximates may be hard to obtain and experiments on real elastic materials become
too difficult to implement. The flow experiments confirm that nucleation and growth of tensile
branch cracks may be the dominant mechanism of rupture at the microscopic scale in 2D (for 3D
mechanisms of crack growth see Dyskin et al., 1994). They further indicate that crack coalescence
may only be observed for a few favorable configurations of the pre-existing cracks (Hoek and
Bienawski, 1965; Horii and Nemat-Nasser, 1985; Hallam and Ashby, 1990). This may question the
generally well accepted hypothesis of a macroscopic fracture mechanism resulting from the inter-
action of multiple growing tensile wing microcracks. Other mechanisms may thus take place to
account for the macroscopic failure of brittle materials. The formation of en échelon mode I micro-
cracks induced by high shear-stress concentration (Pollard et al., 1982; Petit and Barquins, 1988;
Barquins et al., 1992) may be one of them.
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